Effects of melt stirring and holding time were studied with an Al-4.5 % of mass fractions of Cu (A206) alloy. The optimum level of a grain refiner was determined in conjunction with both continuously stirred and non-stirred melts during the holding time. Results showed that a mass fraction of a Ti addition of as low as 0.03 % was sufficient to obtain the 82 μm average grain size, while a Ti addition exceeding the mass fraction of 0.03 % showed no significant effect on the grain size of castings. The grain refinement tends to fade with a long holding time in a non-stirred liquid. The results also showed that an effective grain refinement of the A206 alloy can be achieved with a long holding time as long as the liquid alloy is continually stirred.
INTRODUCTION
Al-Cu alloys are one of the most important Al-based alloys because they provide good castability and excellent mechanical properties. [1] [2] [3] [4] [5] [6] Due to their superior mechanical properties, Al-Cu alloys can be used in many areas such as aircraft construction, military field and automobile manufacturing. 4 Grain refinement of Al-Cu alloys significantly improves the microstructure and mechanical properties. [7] [8] [9] Along with many advantages, hot tearing, which frequently occurs during solidification due to a long freezing range, is a severe problem in producing cast components with these alloys. Previous works on casting and solidification of Al-Cu alloys consistently indicated that hot tearing can be eliminated with a good grain refinement. [1] [2] [3] [4] [7] [8] [9] Grain refinement was also found to be effective for reducing the amount of the porosity and size of the pores, and improving the feeding of cast Al-Cu alloys. 9 Titanium and boron are added in the form of Al-Ti-B master-alloy rods to cast aluminium alloys for the grain refinement. Rod-type additions were found to be more effective for providing, controlling and optimizing TiB 2 particles than the salt form. 10, 11 It was reported in recent years that Al-Ti-C master alloys are also effective grain refiners. 4, 12 Due to its high refining potential, an Al5Ti1B alloy in the rod form is one of the most commonly used grain refiner and has been widely accepted in controlling the grain size and microstructures of aluminium alloys in industrial applications. 13 The A206 alloy is a well-known Al-Cu casting alloy and a research on grain refinement with this alloy indicated that a proper grain refinement can be achieved with a 0.15-0.30 % titanium mass fraction of the final cast part. 14 On the contrary, in recent years other researchers 3, 5, [7] [8] [9] showed that modern grain refiners containing Al-Ti and B are more suitable for an acceptable grain refinement of A206 alloys if the Ti content is lower than 0.15 %.
Despite a number of studies conducted in the past to investigate the grain refinement of Al-Cu alloys, 3, [5] [6] [7] [8] [9] 12, [15] [16] studies on the effects of the holding time and melt stirring on the grain-refinement process have not been published. Therefore, in this work, the optimum amount of the grain refiner for the A206 alloy, using an Al5Ti1B rod-shape grain refiner, in combination with the holding time and melt stirring, was studied.
EXPERIMENTAL PROCEDURES
A206 alloys with two different chemical compositions were prepared using commercial-purity Al ingots and commercially pure Cu wires in a new SiC crucible. The final chemical compositions of these alloys before the grain-refiner additions are given in Table 1 . A Spectro-type optical spectrometer was employed to perform a chemical analysis of the alloys throughout this study. An industrial electrical-resistance furnace with a 600 kg capacity and a SiC crucible were used for the melting.
An Al5Ti1B master alloy was introduced into the liquid A206 alloy at 730°C followed by rotary degassing for 10 min with dry argon. The temperature of the liquid metal in the melting furnace was continuously controlled with a K-type thermocouple connected to the control unit of the furnace to ensure the holding of the liquid at 730°C.
Grain-refining experiments were carried out using the Alcan standard grain-refining test 10 with two sets of samples. In the first set of experiments, samples were taken from the crucible at 730°C, before the grain-refiner addition. Samples were also taken after each addition of the Al5Ti1B rod-type master alloy introducing (0.01, 0.02, 0.03, 0.05, 0.1, 0.2, 0.3) % Ti contents into the liquid alloy. After each addition, the liquid alloy was redegassed for 10 min at 730°C. This resulted in 10-min intervals between the sample-taking processes.
The second set of experiments was carried out to determine the effects of the holding time coupled with melt stirring on the grain refinement. To implement this, a new heat of the A206 alloy was melted in a new crucible and heated up to 730°C. The Al5Ti1B master alloy was introduced into the melt to obtain a 0.05 % Ti content within the alloy. After a 10-min degassing treatment, the purging argon was turned off and the molten alloy was continuously stirred using the graphite lance of the rotary degassing unit with a rotating speed of 150 min -1 for 90 min. Samples for the Alcan grain-refining tests were taken during the whole stirring period, in 30-min intervals from the beginning to the end.
Finally, the melt was re-degassed for 10 min and held for another 90 min without any stirring actions. During this second 90-min period, Alcan test samples were also taken in 30-min intervals, in the same manner as explained above. At the end of this period, the melt was re-stirred for only 1 min and the final sample was taken.
The specimens for the metallographic examinations were cut as shown in Figure 1 . The surface of each specimen was electro-polished using 5 mL of HClO 4 , 15 mL of 2-Butoxyethanol, 60 mL of ethanol and 20 mL of distilled water. The average grain size was determined with the linear intercept method according to the ASTM E112 standard, at different regions of each sample.
RESULTS AND DISCUSSION

Grain-size measurements
The mean values of the measured grain sizes with various Ti contents are shown in Table 2 , which indicates that the titanium contents in the alloy were determined within a narrow variance. Table 2 also shows that the grain size of the samples decreased dramatically with the addition of the Al5Ti1B master alloy regardless of the titanium content. The average grain size versus the Ti content is also shown in Figure 2. Figure 2 indicates that the addition of the grain refiner, even with a Ti content as low as 0.01 %, resulted in a remarkable reduction in the grain size of the alloy. The relationship between the titanium recovery and the microstructure is given in Figure 3 . Figure 3a shows the microstructure of the sample obtained with no grainrefiner addition. The microstructure consists of coarse dendrites, heterogeneously distributed in equiaxed grains. Figure 3b shows a small addition of Ti, as low as a 0.01 % mass fraction, which caused the grain refinement of the A206 alloy. However, a Ti content of up to 0.05 % was found to be more effective for further reducing the average grain size of the alloy, as seen in Figure 3c . The microstructure obtained with a 0.3 % mass fraction of Ti in the melt is shown in Figure 3d . It indicates that the increased amount of Ti no longer affected the reduction of the grain size of the A206 alloy used in this study.
The Al5Ti1B master alloy is an effective grain refiner of Al-Cu alloys as it increases the number of heterogeneous nucleation sites for achieving a finer equiaxed grain structure. 10 Figure 3 clearly shows that a Ti content exceeding the mass fraction of 0.01 % is adequate to turn the solidification morphology of the alloy from a fully dendritic to a globular or near-dendritic structure. Thus, the grain refinement of the A206 alloy by adding the Al5Ti1B master alloy can be expected to increase the mechanical properties of A206 castings via reducing the amount of solidification defects such as hot tearing, micro-shrinkage and micro-segregation. These results are in good agreement with the report from H. Kamali et al. 5 who reported that Ti additions of 0.05-0.3 % showed no significant effect on the grain size, although the minimum Ti mass fractions of 0.05 % was necessary to eliminate the hot-tearing defects.
Effects of the holding time and melt stirring on the grain size
In the present study, possible effects of melt stirring during the holding period after the master-alloy addition were also investigated. Experiments were carried out with the castings from two different heats of stirred and non-stirred melts. Samples were cast in 30-min intervals throughout the 90-min holding time, during which the amount of Ti was fixed at around 0.05 % of mass fractions. A summary of the quantitative results obtained from the test samples throughout these experiments are shown in Table 3 . Titanium and boron measured in the samples, cast with the stirred melt, show that both elements remained at almost their initial values during the 90-min holding time. Accordingly, the initial Ti:B ratio also remained constant, which was around 5:5. The average grain size of the stirred melt was about 85 μm regardless of the holding time. These results emphasise the fact that the refining efficiency of the Al5Ti1B type master alloy is consisted, at least during the 90-min holding time, even with the Ti recovery as small as 0.05 % of mass fractions of Ti in the A206 alloy. On the other hand, the results obtained for the non-stirred melt reveal that both titanium and boron recovery decreased with the increasing holding time. Interestingly, the diminution in boron was faster compared to titanium, especially in the first 30 min of the holding time, for the non-stirred melt. Therefore, the measured Ti:B ratio shows a continuous increase as the period of the holding time increases.
In Table 3 , the average measured grain size for the samples of the non-stirred melt also shows a consisted increase with the holding time. This is associated with the diminishing of the Ti and B recovery and the ever increasing Ti:B ratio with the increasing holding time for the non-stirred heat. It is also obvious from Table 3 that an immediate stirring action followed by a 90-min holding time facilitated the Ti and B levels as well as the Ti:B ratio to remain almost at their initial values. This also caused a similar consequence in the measured grain size. These results are in good agreement with a number of previous studies on Al-Cu alloys. Grain-refining studies on non-stirred melts were concluded so that the grain size increased continuously with the increasing holding time; [11] [12] 16 however, it began to decrease when the stirring action was resumed. 16 The phenomenon of decreasing Ti and B with the increasing holding time in the non-stirred A206 alloy can be attributed to the settling of TiB 2 . This compound has been widely accepted as one of the potential nucleation sites during the solidification of aluminium. [19] [20] [21] [22] Since the density of a solid TiB 2 compound is higher (4.48 g/cm 3 ) 17 than that of the liquid A206 alloy (2.78 g/cm 3 ), it is quite probable that some potential TiB 2 nuclei are disqualified because they sink to the bottom of the crucible as the holding time increases.
The microstructures representing the Alcan test samples obtained from the heats after the 90-min holding time are shown in Figures 4a and 4b. A comparison of the two microstructures provides an explanation of the difference between the stirred and the non-stirred melts. The larger grain size for the non-stirred melt in Figure 4b can be associated with a weaker grain-refining action of the master alloy during the 90-min holding. This can also be related to the fading of the potential nuclei probably due to the gravity action of the TiB 2 compound. 18 
CONCLUSIONS
The grain-refining effects of the Al5Ti1B rod-type master alloy on a commercial A206 alloy with different addition levels were studied. The effects of the holding time under stirring and no-stirring conditions were also studied. From the experimental results, the following conclusions can be drawn: 1) Different amounts of titanium recovery ranging from 0.01 to 0.3 were formed in the A206 alloys. Measurements showed that the grain size of the Alcan test samples decreased dramatically with an addition of the Al5Ti1B master alloy regardless of the titanium recovery.
2) The smallest average grain size of the A206 alloy was 82 μm, achieved with a 0.03 % of mass fraction of Ti recovery in the melt. Increasing the Ti recovery up to a 0.3 % of mass fractions did not result in a further decrease in the grain size of the A206 alloy. 3) Grain-size measurements for two different heats showed that the average initial grain size of the samples increased from 84 μm to 111 μm at the end of the 90-min holding time for the non-stirred liquid. However, a constant grain size was achieved for the stirred melt throughout the holding period. the increasing holding time. During the holding period, the diminution in boron was larger compared to titanium, as measured on the cast samples. This was attributed to the formation of a TiB 2 compound in the melt, which is widely accepted as a heterogeneous nucleation site for aluminium. Since the density of TiB 2 is higher than that of the liquid A206 alloy, the compound tends to settle in the non-stirred melt, which may be the reason for the fading of the grainrefining efficiency as the holding time increases. 5) The refining efficiency of the Al5Ti1B-type master alloy can be stimulated via re-stirring the melt. The results showed that an immediate stirring action followed by a 90-min holding time reverted Ti and B and also the Ti:B ratio almost to their initial conditions. The Alcan test samples of the re-stirred melt also showed a well-refined grain structure.
